Substance addiction is regarded as an important public health problem, perpetuated by fronto-striatal circuit pathology. A usual finding in neuroimaging human and murine studies is cortical thinning and lower volume when compared to healthy controls. In this study we wished to replicate cortical thinning findings and find if striatum morphology may explain the cortical pathology. For this we analyzed T1w neuroimaging data from an ongoing addiction Mexican dataset. This dataset includes cocaine addicts diagnosed by expert psychiatrists and healthy controls. For the analysis we used voxel-based morphometry, cortical thickness and volumetric analysis of the basal ganglia, and we correlated striatum volume with cortical thickness to find pathological patterns. Our group contrast showed cortical thinning and striatum volume differences in cocaine addicts correlated to their years of substance use, craving and age. Our correlation between striatum-cortex morphology showed higher significant correlations in healthy controls, not observed in cocaine addicts. The correlation between striatum volume and cortical thickness in healthy controls involved similar areas as those shown with less cortical thickness in cocaine addicts. We suggest that striatum morphological changes in addiction may explain the pattern of cortical thinning observed across several substances addiction studies.
Introduction
Substance addiction is a generalized problem in the world accompanied by important psychiatric comorbidities and exacerbated by poor treatment outcomes 1 . In Mexico, cocaine is the second most used illegal substance of abuse among the population of users, and it inflicts social, family, economical and health problems (https://www.gob.mx/salud%7Cconadic/acciones-yprogramas/encuesta-nacional-de-consumo-de-drogas-alcohol-y-tabacoencodat-2016-2017-136758). Volkow et al. 2 have proposed a hypothesis that substance addiction is a pathological cycle of behavior, and that chronic drug use directly and indirectly affects brain areas such as the striatum and thalamus and their cortical connectivity. Such neurobiological changes perpetuate and potentially reinforce the addiction cycle. The consistent reinforcement of this cycle leads to addictive behaviors commonly observed in individuals suffering from addiction 3 . As a result, a brain circuit involving the striatum, thalamus and prefrontal areas is commonly studied to better understand how brain function and structure is altered in those suffering from addictions 4, 5 . Recent studies in humans and murine models have supported pathological fronto-striatal connectivity as the main driver of the addiction cycle and substance seeking 6, 7 .
Human neuroimaging studies using voxel-based morphometry (VBM) and cortical thickness (CT) have typically demonstrated variable brain differences, usually including decreased volume or CT in prefrontal, temporal, occipital and subcortical areas in the brains of addicts [8] [9] [10] [11] [12] [13] , although there have been increase volume findings in striatum 14 . The decrease in these measures is usually correlated with behavioral (i.e. substance craving) and cognitive measures 15, 16 . A meta-analysis in cocaine and methamphetamine addicts found lower volume on bilateral insula, left thalamus, left middle frontal gyrus (lmFG), right anterior cingulate (rACC) and right inferior frontal gyrus (rIFG) 17 . Parvaz et al 18 recently demonstrated that the volume of the inferior frontal gyrus (IFG) and the medial prefrontal cortex (mPFC) increase following treatment for cocaine addiction. These studies suggest brain morphology is highly affected in addiction, and that treatment success can partly revert this damage. These areas found with reduced volume or CT in addiction such as the insula, IFG, mPFC, ACC, have also been found connected structurally and functionally to the different nuclei of the striatum 19 . If striatum is a region highly affected in addiction and it is intimately connected with these cortical areas, which in turn seem to be commonly found affected in addiction, pathological morphological changes in striatum may help explain the reduction of cortical thickness and volume in such widespread areas of the cortex.
In this study, we wish to find neuroanatomical differences between cocaine addicts and matched healthy controls, to better understand the toxic effect of drug use and the effect of craving. We also wanted to study the relation between striatum structure and cortical thickness. For this, we used novel computational anatomy algorithms to perform volumetric analysis, cortical thickness extraction and subcortical segmentation of striatum and thalamus.
Materials and Methods

Participants
We recruited 160 participants as part of a principal multidisciplinary addiction study at the Instituto Nacional de Psiquiatría "Ramón de la Fuente Muñiz" in Mexico City, Mexico. Of those, 49 participants did not fulfill the inclusion criteria. We diagnosed cocaine dependence using the MINI International Neuropsychiatric Interview Spanish version 20 , which was administered by trained psychiatrists. For inclusion, cocaine consumption had to be active or with abstinence less than 60 days prior to the scan, with frequency of use of at least three days per week and no more than 60 continued days of abstinence during the last 12 months. There could be polysubstance use, however cocaine had to be the drug of impact. Additional exclusion criteria for both groups were: somatic diseases, neurological disorders, severe suicidal risk, history of head trauma with loss of consciousness, pregnancy, obesity, severe psychiatric disorders and non-compliance with magnetic resonance imaging safety standards. A final sample of 64 cocaine addicts (AD) (7 female) and 47 healthy controls (HC) (8 female) were included in our study. Healthy controls were matched as closely as possible by age (± 2y), sex and handedness. Education was matched as closely as possible, though it has significantly higher in HC, therefore education was added as a covariate in the statistical analysis. Table 1 describe the demographic and addiction related information. The study was approved by the local ethics committee and performed at the Instituto Nacional de Psiquiatría "Ramón de la Fuente Muñiz" in Mexico City, Mexico. The study was carried out according to the Declaration of Helsinki. All participants were invited through posters placed in several centers for addiction treatment and through the Institute's addiction clinic for outpatients. Healthy controls were recruited from the Institute (i.e. administrative workers, their family, etc) and using Internet social outlets. Participants provided verbal and written informed consent. The participants underwent clinical and cognitive tests besides the MRI as part of the main ongoing addiction database. Participants were asked to abstain from drug use for at least 24 hours prior to the study and were urinetested for the presence of the drugs and a breath determination of alcohol in the blood before the MRI scan. The clinical, cognitive and MRI sessions were performed either the same day as minimum, or 4 days apart as maximum. It is important to point out none of our participants were homeless or in extreme poverty. 
Clinical measures
Craving in the last month and at the interview was measured using the cocaine craving questionnaire (CCQ) 21 . Self-reported impulsivity was evaluated with the Barratt Impulsiveness Scale (BIS-11), which has three subscales: non-planning impulsiveness, which involves a lack of forethought; cognitive impulsivity, which involves making quick decisions; and motor impulsivity, which involves acting without thinking 22 .
MRI Acquisition
T1-weighted brain data were acquired using a Philips Ingenia 3T Magnetic Resonance Imaging (MRI) system (Philips Healthcare, Best, Netherlands & Boston, MA, USA) with a 32-channel dS Head coil. T1-weighted images were acquired using a 3D FFE SENSE sequence, TR/TE = 7/3.5 ms, FOV = 240, matrix = 240 x 240 mm, 180 slices, gap = 0, plane = Sagittal, voxel = 1 x 1 x 1 mm (5 participants were acquired with a voxel size = .75 x .75 x 1 mm), scan time = 3.19 min. As part of the principal addiction database, resting state fMRI, High Angular Resolution Diffusion Imaging (HARD), and Diffusion Kurtosis Imaging (DKI) sequences were also acquired and are not part of this study. The order of the sequences was: rsfMRI, T1w, HARDI, DKI, and was maintained across participants. Total scan time was ~50 minutes.
Image preprocessing and processing
T1-weighted images were converted from DICOM format to MINC for preprocessing. T1 images were preprocessed using an in-house preprocessing pipeline with the software Bpipe (https://github.com/CobraLab/minc-bpipelibrary) 23 , which makes use of the MINC Tool-Kit (http://www.bic.mni.mcgill.ca/ServicesSoftware/ServicesSoftwareMincToolKit) and ANTs 24 . Briefly, we performed N4 bias field correction 25 , linear registration to MNI-space using ANTs, we cropped the region around the neck in order improve registration quality, followed by transformation back to native space, and created whole-brain masks.
We estimated volume-based (VBM) and surfaced-based variables (cortical thickness [CT] and surface area [SA]) using the CIVET processing pipeline (version 1.1.12; Montreal Neurological Institute). First, the T1w images were linearly aligned to the ICBM 152 average template using a 9-parameter transformation (3 translations, rotations, and scales) 26 and preprocessed to minimize the effects of intensity non-uniformity 27 . The images were then classified into three main tissues: gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) 28 . GM was used for VBM. The hemispheres were modeled as GM and WM surfaces using a deformable model strategy that generates 4 separate surfaces defined by 40962 vertices each 29 . CT was derived between homologous vertices on GM and WM derived using the t-link metric and blurred with a 20 mm surface-based diffusion kernel, while SA was estimated by averaging across the adjoining faces at each vertex 30 . Nativespace thicknesses were used in all analyses reported 31, 32 . Homology across the population was achieved using a non-linear surface-based normalization that utilizes a mid-surface (between pial and WM surfaces) 33 . This normalization uses a depth-potential function 34 that fits each subject to a minimally biased surface-based template 35 .
For the subcortical analysis, the native space preprocessed files were input into the MAGeT-Brain morphological analysis pipeline (http://cobralab.ca/software/MAGeTbrain.html) 36 . MAGeT-Brain is modified multi-atlas segmentation technique designed to take advantage of hard-todefine atlases and uses a minimal number of atlases for input into the segmentation process. The used a basal ganglia atlas 37 obtained by manual segmentation of one brain. We obtained segmentation and volume measures for striatum, thalamus and globus pallidus.
Statistical analysis
Voxel based morphometry (VBM) gray matter and vertex-wise analyses were performed with the RMINC package (https://wiki.phenogenomics.ca/display/MICePub/RMINC) in R statistics and RStudio 38 . Public packages used for the analysis were: tidyverse, psych, pastecs, moonBook and plotrix. The general linear model included "CT" as the dependent variable, "group" as the between subjects variable, and "age", "sex" and "education" as covariates. All analyses were corrected for multiple comparisons using the false discovery rate (FDR) at 10% 39 . From the resulting significant peaks we extracted MNI coordinates and labels based on the AAL atlas 40 , except for VBM in which we used Harvard-Oxford Cortical Atlas [41] [42] [43] [44] . As post-hoc, we calculated the correlation coefficient between years of consumption and craving, and all the significant peaks CT. Using that matrix, we statistically analyzed only correlations that exceeded a chosen threshold of r = ± 0.2 (low-medium effect size) using the t-distribution with an alpha of 0.05. We then used the FDR to adjust the p-value for multiple comparisons of the correlations. As a side note, VBM was only calculated because it is a more widely used measure of brain morphology. Because we were more interested in cortical thickness, we did not further analyze this measure. However, tools such as BrainMap (http://brainmap.org) would be able to use this data for future meta-analyses.
Basal ganglia analysis
We studied basal ganglia volumes using a general linear model that included subcortical volume as the dependent variable, group as the between-subjects variable, and age, sex and education as covariates. Our previous study in cocaine addiction showed mainly group x age interactions in striatum volume 45 , hence we performed that interaction model as well. We then calculated the correlation coefficient between years of consumption and craving, and all basal ganglia including their striatum and thalamus segmentation. Using that matrix, we statistically analyzed only correlations that exceeded a chosen threshold of r = ± 0.2 (low-medium effect size) using the t-distribution with an alpha of 0.05. Because basal ganglia volume is relative to whole-brain volume, we then performed partial correlations controlling for whole-brain volume.
Striatum-cortex correlation analysis
The covariation between striatum subnuclei that were correlated significantly with years of consumption and craving (left nucleus accumbens and right precommissural precuneus), and whole-brain cortical thickness was studied using a similar approach to the "Mapping anatomical correlations across cerebral cortex (MACACC)" analysis method 46 . The MACACC method is performed by selecting a seed region of interest (ROI) and correlating the CT of this ROI with the CT of all brain vertices. This approach is similar to functional connectivity analysis 47, 48 . The resulting statistic gives an indication of the degree to which CT throughout the brain covaries with the ROI across subjects and can be used to estimated the structural and functional connectivity between different areas. As our ROI, we chose to instead use the volume of the significant nuclei in the partial correlation analysis: left nucleus accumbens and right pre-commissural putamen volume (basal ganglia analysis). We also chose whole left and right striatum volume to corroborate our results. This method has been used successfully 49 . We then correlated the volume of each ROI against the brain vertices for all participants, and then each group separately. All maps were FDR corrected at 5% due to the high distribution of significant peaks.
Results
We found significantly lower volume (Supplementary Figure 1 & Table 1 ) and cortical thickness in cocaine addicts in mainly prefrontal areas (Figure 1 and  Supplementary Table 2 ). VBM showed 2 small clusters of increased volume that were not found in the CT analysis. Surface area was not significant.
Insert Figure 1
The post-hoc analysis showed that years of cocaine consumption and craving were significantly correlated with several CT peaks ( Supplementary Figs. 2 and  3, Supplementary Tables 2 and 3 ). The subcortical analysis showed a significant lower volume in left thalamus of the AD group (F (1,104) = 4.723, p = 0.03) ( Supplementary Fig. 4 ) than the HC group. There was no difference in striatum and globus pallidus volume. There was, however, a significant group x age interaction in left and right striatum volume (Figure 2 ) at alpha 0.1 (left: F (1,103) = 2.83, p = 0.1; right: F (1,103) = 3.26, p = 0.07), which was similar to our previous findings 45 .
Insert Figure 2
The bivariate correlation analysis of years of consumption and craving with basal ganglia volumes, showed no significant results. The partial correlation analysis controlling for whole-brain volume showed significant negative correlation between: 1) years of consumption and left nucleus accumbens (r = -0.23, t = -2.46, p = 0.02), and 2) craving and right pre-commissural putamen (r = -0.27, t = -2.89, p = 0.005).
The striatum-cortex correlation analysis results using the ROIs: 1) left nucleus accumbens (lNAcc) and 2) right pre-commisual putamen (rPrePut), are shown in Figure 3 . The result of left and right whole striatum volume are in the Supplementary Figure 5 . The resulting significant covariance maps show lNAcc and rPrePut volumes are related to similar areas that showed lower cortical thickness in AD in the CT group comparison (Figure 1) . A subset analysis showed that the correlation between lNAcc and cortex in AD is nonexistent compared to HC. The subset analysis of correlation between rPrePut and cortex showed higher significant correlations in HC than the AD group. For this last analysis, significant brain areas of correlation shared between groups are shown in Table 2 . As for whole striatum volume, we also found higher correlation in HC compared to AD. All peak tables are shown in Supplementary  Tables 5 to 15 . In general, striatum volume in AD showed low correlation to cortical thickness compared to healthy controls. 
Insert Figure 3
Discussion
In our study, Mexican cocaine addicts showed lower gray matter volume and cortical thickness in several brain areas, with the most extensive difference on prefrontal cortex. Cortical thickness and striatal subnuclei volume were significantly correlated to years of cocaine use and craving. The covariation between striatal whole and subnuclei volumes, and cortical thickness suggests close neuroanatomical pathology of fronto-striatal areas in cocaine addicts.
Using VBM and CT analysis we found significantly lower values in cocaine addicts (AD) than healthy controls (HC). In VBM we found increased volume in two areas that were not found in the CT analysis, probably due to the differences between methods. These findings of cortical thinning are not surprising as they have been shown in other studies of different type of addiction 9, 10, 50 , corroborating cortical pathology from chronic cocaine use. The cortical thinning was observed in areas of all cortical lobes, slightly lateralized to the left hemisphere. Although we did not find group differences between volumes in striatum, we found an age x group interaction that suggests a pathological development related to addiction and or chronic use. The striatal subnuclei nucleus accumbens and precommissural putamen were correlated with years of cocaine use and craving. Striatum volume differences, when compared to healthy controls, can be present or absent, higher or lower, in different studies 14, 51 , which suggests either a complex pathology when measured with these methods or differences in volumetric and segmentation methods. Nevertheless, animal and humans studies corroborate the involvement of the striatum in addiction and affectation of its morphology [52] [53] [54] .
A landmark study by Chen et al 6 using optogenetics showed that seeking for cocaine in addicted mice could be effectively stopped by stimulating the prelimbic cortex (mPFC or DLPFC in human), while inhibiting this region induced the opposite effect, increased cocaine seeking. In humans, a similar effect has been observed by stimulating the DLPFC using rTMS where cocaine addicts report reduced craving and cocaine use 55 . The fronto-striatal circuit is involved in response inhibition, which is found to be greatly affected in cocaine addiction in animal models and in human studies, and this circuit includes the striatum, thalamus, globus pallidus, primary motor cortex, ACC, dmPFC and the vlPFC 5 . However, the structural connectivity between the striatum and cerebral cortex seems to be more extended, involving also areas such as the SFG, IFG, temporal pole and occipital cortex 19 . Substance addiction is a complex condition and at the moment the main hypothesis for the etiology of the addictive cycle is the fronto-striatal circuit pathology 2, 56 . Although the causal direction of the pathology (fronto-striatal or striato-frontal) has not been demonstrated yet, the involvement of dopamine receptors in striatum suggests a mainly striatal pathology 57 .
The covariation between lNAcc/rPrePut volume and CT of all participants (striatum-cortex covariation) seems to follow a similar pattern to the structural connectivity of the striatum. Interestingly, not only our group contrast map of lower CT in cocaine addicts shows similarities with the striatum-cortex covariation, but also this covariation was only observed in healthy controls and it almost disappeared in cocaine addicts. This could be an indication of the underlying pathological changes in striatum or cortex (or both), secondary to cocaine addiction or chronic use. This shared morphological finding have been shown in young adult smokers with lower CT in frontal cortical areas and higher volume of the caudate 58 . In a study with several types of substances, another study showed lower volume in frontal areas as well as the caudate nucleus, among others 59 . As for the involvement of striatum pathology and cortex morphology in human addiction, a recent study showed that striatal D1-type receptor (dopamine) levels are correlated with mean global cortical thickness in methamphetamine users but not in controls, specifically in temporal and occipital lobes 60 . The authors suggest this abnormality may be a cortical adaptation to chronic substance use with involvement of the D1-type. The evidence highly suggests that the observed morphological findings in cortex may be due to either striatum pathology, or cortical pathology may drive the striatum changes that engrain this pathology. Confirming a causal relationship would help explain the shared cortical findings across types of substance addiction and would corroborate the hypothesis about dopamine related frontostriatal dysfunction as one of the main causes of human substance addiction.
Our study has several limitations. Correlational studies cannot prove causality as they can only suggest relationships that can be studied further in real experimental designs. However, it is obvious that experimental designs in substance addiction are unethical in humans; hence we rely on animal studies and correlational designs in humans to provide knowledge. Our significant threshold for the multiple comparisons FDR in the CT analysis was 10% (q = 0.1), which may be considered more liberal than usual and caution should be taken when interpreting our findings. However, this approach was preferred to allow for a more exploratory study and we have successfully used it in our previous studies. Our dataset is unique and ongoing, and because addiction and polysubstance use is complex, we wanted to avoid false negatives. The corroboration of our results in relation to other studies seem to support our use of a more relaxed threshold in this particular sample. Our sample is mainly males due to the prevalence of cocaine addiction in this sex, which is a problem in all cocaine addiction studies.
Our results show a possible relation between striatum volume and cortical thinning in cocaine addiction, which further confirms fronto-striatal pathology. Specifically, we believe our results suggest that the pattern of cortical thinning found in most addiction studies may be explained by striatal pathology. Future studies should aim at corroborating the cortical connectivity between striatum and cortex in substance addiction using advance non-invasive diffusion methods. Red-yellow colours show significant vertices. HC = Healthy controls, AD = cocaine addicts, lNAcc = left nucleus accumbens, rPrePut = right precommissural putamen. In lNAcc, for the AD group, there were were no significant peaks below FDR 5%.
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